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As a necessary step to turn into industrial a method to 
discriminate between crack-like and small volumic defects by 
means of ultrasonic NDE [1], we are studying the characteriza-
tion of broad-band transducers by pulse-echo technique, partic-
ularly the influence of the shape and size of the target on the 
shape of the echo. 
In a previous paper [2] we had pointed out a surprising 
experimental result involving conical and spherical targets. 
but were not able to explain this phenomenon. Here we displaya 
geometrical interpretation of the scattering of pulses from 
broad-band transducers by simple shaped on-axis rigid targets 
like balls, cones and small disks. This new interpretation is 
based on two existing theories : the decomposition of the 
incident field in term of geometrical and edge waves [3], and 
an adaptation of Dory's "Theorie du Profil Reflecteur" [4]. At 
first, the underlying theories and approximations used for this 
interpretation are recalled. Then by means of the proposed 
interpretation, the derivative relationships between echoes 
received from small disks, balls and cones are explained. These 
results are compared to those predicted by a more precise 
theoretical modeling [5]. This simple model is in good 
agreement with experiments and more precise theoretical 
calculations. To conclude we compare the assumptions, limit of 
validity and performances of the interpretation of echo forma-
tion proposed by Freedman and ourselves. 
THE PHENOMENON TO BE INTERPRETED 
On the left side of Fig.1 we can see the shape of unpro-
cessed echoes coming from a cone, a ball and a small disko On 
the right side of Fig.1, we can see that the time derivative of 
the echo from the cone, the echo coming from the ball and the 
integral of the echo coming from the disk are very similar. 
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TOOLS AND ASSUMPTIONS 
Firstly we use the mechanism of echo formation on a point-
like target insonified by a broad-band plane transducer. As ex-
plained in [3] the radiation by an ideal plane transducer can 
be described as the sum of a plane wave coming from the surface 
of the transducer and a toroldal wave coming from its periph-
ery. On the axis the transient field is formed by two Dirac's 
pulses of opposite polarity. Thanks to the reciprocity princi-
pIe the echo from a point like target is formed by three 
pulses. 
The second is twice and opposite the first and the third 
equals the first. The global acoustical impulse response is 
given by, 
The time delay between each contribution is given by 
At = z/c (V 1+ aYz2 -1), 
a being the radius of the transducer, Z the distance from 
the transducer to the target, and C the celerity of sound in 
the medium. 
(1) 
(2 ) 
For areal transducer, the echo-response is the time 
convolution of this impulse response with the signal produced 
by the transducer, measured near its surface. 
The main assumption of our method is to consider that each 
of these three pulses acts like a plane wave. This assumption 
is only valid close to the axis and sufficiently far from the 
transducer. The limits of validity of these approximations are 
not yet precisely established. 
pitu e 
o 
cone 
derivative 
ball 
disk 
integral 
time IlS 
2 
Fig 1. Experimental echoes arising from targets on axis 200mm 
far from a transducer of diameter 12.2mm (on left); on 
right hand an example of processing of these signals. 
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AS far as the pulses may be considered as plane waves we 
can use the so-called "Theorie du Profil Reflecteur" proposed 
by DORY [41 to calculate the impulse response for scattering by 
non-trivial targets geometries. The Reflector Profile is a 
function of distance z. The value of RP(z) is the instantaneous 
density of surface seen from the probe, i.e. projected on a 
plane normal to the axis. There is an analogy between PR(z) and 
the function W(l) (r) defined by Freedman [61,the difference 
being the bandwidth taken into account and its consequences 
(see discussion at the end of this paper) . 
In the following we express RP as a function of time : 
RP(t). This theory shows that assuming plane waves, the echo 
arising from a convex reflector may be calculated as the 
convolution of RP(t) and the echo from a point-like target at 
the same position. 
CALCULATIONS AND MECHANISM OF ECHO FORMATION 
The Reflector Profile can be easily calculated for a cone 
and a sphere. Let's call C.to the minimum distance from the 
transducer to the target. 
For the cone of apex half-angle 0 one has, 
for t>to RP(t) ~ 2 20 2.C . tan ~. (t-t o) 
for t<to RP(t) o . (3 ) 
For a ball of radius R one has, 
for 2Yc t o<t<t 0+ C RP(t) 1tC ( R - 7i. (t-t o)) 
else RP(t) o . (4 ) 
By convolving the three-pulse structure of the echo and 
these Reflector Profile we obtain the impulse response of a 
wide-band disk transducer on cones and balls as displayed in 
Fig.2. Although involving approximations, these interpretations 
are confirmed by more exact calculations, made as described in 
[51. In Fig.3 are displayed the impulse responses of balls and 
cones calculated according to [51. The similarity with the im-
pulse responses predicted by the simple interpretation is re-
markable. In Fig.3 (top) one can see that when the apex angle 
of the cone increases to 1600 the impulse response does not re-
turn exactly to zero after the triangular part, but the time 
duration between the three remarkable points is exactly the 
same. Calculated according to Eq. (2) ~t is 0.332~s and mea-
sured on Fig.3 it is 0.33~s for the cones and 0.35~s for the 
spheres. In Fig.3 (bottom) one can see that the slope of the 
"top" (respectively "bottom") part of each impulse response is 
the same, in accordance with the prediction of the simple 
interpretation: in formula (4) one can verify that the slope of 
RP(t) is independent of R. 
Influence of the cone apex angle and ball diameter 
The experimental echo being the convolution of the impulse 
response with the input signal, the relationship between the 
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Fig 2. Geometrical interpreta tion of the impulse response 
formation on a cone. (top) and a ball (bo ttom) . 
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Fig 3. Calculated impulse responses for cones and spheres on 
axis lOOmm far from a 20mm diameter probe 
impulse response and the echo is simple in only a few cases; 
dt must be the same, and the impulse responses must be affine. 
These conditions are exactly fulfilled for the cone (as 
long as the apex angle is not too large), but not for the ball: 
the fact that the slopes are the same shows that the impulse 
responses of balls of different diameters are not exactly 
affine; so the shape of echoes on balls of different diameters 
will not be exactly comparable. Nevertheless these subtle dif-
ferences do not appear in experimental results and the approxi-
mation of the exact impulse response by two rectangles func-
tions, ti 11 now, works properly. 
We have compared the amplitude of experimental echoes 
arising from cones of different apex angles placed at the same 
distance on axis of the same transducer and the amplitude of 
the impulse response derived from the theoretical calculations, 
all plot ted versus tan2 0/2. The results are displayed on 
Fig.4 . The experimental result is in quite good agreement with 
theory, and the theory confirms the validity of the simple geo-
metrical interpretation. 
By neglecting the non-exact affinity of the impulse 
responses we did the same for balls of different diameter. On 
Fig . 5 we see that the amplitude of the calculated impulse 
responses are quasi linear from zero, but, due to this 
non-exact affinity, the amplitude of the experimental echoes 
are not. 
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Fig 4. Amplitude of experimental echoes arising from cones of 
different apex angle 0 (left) and the corresponding 
maximum of the theoretically calculated impulse 
responses (right). Y-axis linear arbitrary units 
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The simple interpretation being consistent with more exact 
calculations and experimental results, we can calculate the 
impulse responses as following. At being calculated according 
to Eq. (2), we obtain, for the cone, 
for to<t<to+At 
for t o+At<t<t o+2At 
else 
and for the sphere, 
for to<t<to+At 
for t o+At<t<t o+2At 
else 
IR(t) 
IR(t) 
IR(t) 
IR(t) 
IR(t) 
IR(t) 
%.c2 .tan 2e. (t-to) 
%.c2 .tan2e. (-t+to+2At) 
o . (5) 
1tC ( R - <h. (t-t o)) 
1tC (-R + <h. (t-to-2At) ) 
o . (6) 
Although not mentioned in Eg. (6), both the simple inter-
pretation and the theoretical calculations let appear a small 
triangle between to+2R/C and to+2At+2R/C. This must correspond 
to an echo arising from the circle that is the frontier between 
the insonified and the shadowed region of the ball. But as we 
are interested in the first part of the echoes we have not ver-
ified the coherence between this predicted part of the impulse 
response and the corresponding part of the experimental echo, 
we cannot affirm the validity of this predicted additional 
echo. 
INTERPRETATION OF THE DERIVATIVE RELATIONSHIPS 
In Fig.6 we have displayed the first and second deriva-
tives of a triangle function. 
Because the echo responses from cones, balls and small 
disks are the convolution of the same signal by corresponding 
impulse responses, the same relationships exist between echoes 
as between the impulse responses. This explains the relation-
ship between echoes shown in Fig.l. 
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Fig 5. Amplitude of experimental echoes arising from balls of 
different diameter and the corresponding maximum of 
the theoretically calculated impulse responses. 
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Fig.6. Interpretation of the derivative relationships between 
echoes arising from cones, balls and small disks by 
means of the derivatives of their impulse responses . 
LIMITS OF VALIDITY OF THE INTERPRETATION 
The limits of this interpretation derive from the 
assumption made to build it. The approximation of the pulses 
occurring at tl and t2 as plane waves is only valid at long 
range and near the axis. The latter condition implies that the 
major contribution to the echo formation must arise from the 
part of the target that is near the axis . 
A particular case appears in Fig.7. On left side are dis-
played the impulse responses of cones of different apex angle . 
We have already observed on Fig.3 that for 160° the impulse re-
sponse is not a perfect triangle. That phenomenon is emphasized 
for 170° . Our explanation is that as the apex angle increases 
the generating lines tend to become normal to the toroidal 
wavefront coming from the periphery of the transducer . On right 
side of Fig.7 a schema of the 10mm radius transducer and the 
cones at a range of 100mm shows that when the apex angle is 
170° the angle between a "ray" coming from the periphery of the 
transducer and a generating line is less than 90°. We had 
already pointed out [2) that in this case the object cannot be 
considered as a diffracting target . 
COMPARISON OF SIMPLE INTERPRETATIONS OF ECHO FORMATION 
In table 1 are summarized the properties of the 
interpretation of echo formation proposed by Freedman [6) and 
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Fig . 7 . Impulse responses of cones of different apex angle and 
schema of the simulated experiment (a = 10mm, Z = 100mm) 
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Table 1. Comparison of simple models of echo formation. 
Freedman Present Model 
BEAM 
Narrow-Band Time dependen~ (Wide-Bandl 
Point Source + Plane Wave + Plane Wave + Diffraction 
Directivity effect of the transducer 
TARGET 
On / Off axis On axis 
OUTPUT 
T1me-of-flight and Amplitude and shape of I.R. 
Amplitude of each component and. after convolution. 
of the echo Amplitude and shape of the 
echo 
ourselves. The main difference between them is the bandwidth 
and one can say that all the differences in assumptions and 
properties derive from this one. 
Freedman, using narrow-band can assume a source with 
directivity. For us, using wide-band, directivity has no 
sense; the equivalent of the directivity is then introduced by 
the time delay in the three-pulse echo structure due to trans-
ducer diffraction effect but this is only valid near the axis. 
Another consequence of the wide bandwidth is the possibil-
ity to calculate an impulse response and from it to calculate 
the exact shape of the echo signal. Thanks to this possibility, 
we have been able to explain by simple arguments the time der-
ivative relationships between echoes arising from same simple 
targets. This could help to understand same discrepancies 
between characterizations of ultrasonic probes made under 
different procedures. 
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